We have investigated what limits demand-driven de novo glutathione (GSH) biosynthesis in green Arabidopsis suspension culture cells. GSH is the most abundant low-molecular weight thiol in most plants and can be quantified using monochlorobimane to fluorescently label GSH in live cells. Progress curves for labeling reached a plateau as all the cytoplasmic GSH was conjugated. In the presence of excess monochlorobimane, a second, almost linear phase of labeling was observed, after a lag of 2 to 3 h, that was then maintained for an extended period. The increase in fluorescence was shown to be because of de novo GSH biosynthesis by high-performance liquid chromatography analysis and was eliminated by dl-buthionine-[S,R]-sulfoximine, a specific inhibitor of GSH biosynthesis, or reduced by inhibitors of transcription and translation. The rate of GSH biosynthesis during the linear phase was 8.9 Ϯ 1.4 nmol g fresh weight Ϫ1 min Ϫ1 and was not affected by addition of glutamate, glycine, or cysteine, the immediate precursors needed for GSH biosynthesis. Likewise, the synthesis rate was not affected by pretreatment with aminotriazole, menadione, jasmonic acid, or cadmium, all of which cause oxidative stress and up-regulate expression of GSH biosynthetic genes. The lag phase was markedly reduced by aminotriazole and menadione and marginally by jasmonic acid, suggesting the system was primed to react faster after mild stress. In contrast to the other feeding experiments, exclusion of SO 4 2Ϫ from the medium abolished the second phase completely. This suggests demand-driven GSH biosynthesis is directly coupled to uptake of SO 4 2Ϫ and that the linear increase in fluorescence reflects flux through the entire SO 4 2Ϫ assimilation pathway.
Plant cells are able to respond to adverse environmental conditions by up-regulating key metabolic pathways that ameliorate or counteract the physiological consequences of the imposed stress. Reduced glutathione (GSH) is the most abundant nonprotein thiol in cells and its nucleophilic activity is exploited in several stress response pathways to detoxify active oxygen species (AOS), xenobiotics, and certain heavy metals (May et al., 1998a; Noctor and Foyer, 1998; Noctor et al., 1998) . For example, GSH and its oxidized form, GSSG, form one of a series of redox couples that transfer reducing equivalents from NADPH to AOS. Typically, AOS, such as hydrogen peroxide, initially oxidize ascorbic acid to monodehydroascorbate and/or dehydroascorbate using ascorbate peroxidases (Noctor and Foyer, 1998; Conklin, 2001 ). Rereduction of dehydroascorbate is driven by cycling of GSH to GSSG, catalyzed by dehydroascorbate reductase. GSSG is then rereduced by GSH reductase at the expense of NADPH (Foyer and Halliwell, 1976; Noctor and Foyer, 1998) . In this pathway, the redox poise of the GSH pool alters in response to stress, but there is no net consumption of GSH. In contrast, detoxification of electrophilic xenobiotics via glutathione S-transferase (GST)-dependent conjugation or detoxification of heavy metals via formation of phytochelatins with the general structure (␥-Glu-Cys) n Gly (n ϭ 2-11) both lead to an immediate decrease of the cellular GSH pool (Coleman et al., 1997b; Cobbett, 2000) . In these cases, cells respond to the imposed stress with de novo biosynthesis of GSH from its constituent amino acids to maintain the resting level of GSH. It has been proposed that both the resting level of GSH and the efficiency at which cells can refill the cytoplasmic GSH pool after depletion may influence their degree of stress tolerance (May et al., 1998a) . It is known that reduction in GSH levels in mutants or transgenic plants reduces stress tolerance (e.g. Howden et al., 1995; Xiang et al., 2001) ; however, the protective role of elevated GSH levels and/or increased biosynthetic capacity is more controversial. In different systems, elevated GSH is reported to reduce the effects of stress (Zhu et al., 1999; Gullner et al., 2001) , confer no additional tolerance (Arisi et al., 1999; Xiang et al., 2001) , or even lead to greater oxidative damage (Creissen et al., 1999) .
The underlying control mechanisms leading to upregulation of GSH biosynthesis in planta are not well defined and probably operate at multiple levels depending on the severity of the stress and the time period considered. The importance of each step in the pathway can be investigated by sequentially modifying the activity of each enzyme involved using transgenic techniques. This approach has already revealed information on the role of ATP sulfurylase (Hatzfeld et al., 1998; Pilon-Smits et al., 1999) , ␥-Glu-Cys synthetase (␥-ECS; Noctor et al., 1996; Xiang et al., 2001) , and glutathione synthetase (Strohm et al., 1995; Creissen et al., 1999 ). An alternative and complementary approach is to measure changes in flux through the pathway in the intact system as demand or supply alters (Roscher et al., 2000) . Previously, addition of cadmium has been used to achieve an elevated demand for GSH through consumption during phytochelatin synthesis (Schneider and Bergmann, 1995) . GSH can also be depleted by conjugation to model xenobiotics such as monochlorobimane (MCB) or 1-chloro-2,4-dinitrobenzene (CDNB; e.g. Coleman et al., 1997a Coleman et al., , 1997b . We have shown previously that short-term (1-3 h) labeling with MCB in vivo follows a progress curve for a GST-catalyzed conjugation reaction in a variety of different cell types and tends toward a plateau value as all the GSH is reacted (Fricker et al., 2000; Gutiérrez-Alcalá et al., 2000; Meyer and Fricker, 2000; Fricker and Meyer, 2001; Meyer et al., 2001) . In this paper, we have used an extended period of in vivo labeling with MCB, to create and maintain a "sink" for GSH in Arabidopsis suspension culture cells. The assay provides a continuous readout of the level of GSH and fine temporal resolution of the kinetics of the cellular response leading to de novo GSH biosynthesis.
RESULTS

Long-Term Incubation of Cells with MCB Triggers Demand-Driven GSH Biosynthesis
Fluorescence from conjugation of MCB to GSH increased rapidly after incubation of Arabidopsis suspension culture cells with 100 m MCB until a plateau was reached after 60 to 120 min (Fig. 1A) . Size exclusion chromatography showed that virtually all the fluorescence was present in the low-M r fraction, with negligible protein labeling (data not shown). At the plateau phase, GSH was the major low-M r compound labeled (92.7%), with much smaller amounts of Cys and ␥-Glu-Cys (␥-EC; 6% and 1.3%, respectively; Table I ). The absolute amount of GSH labeled in situ corresponded well with the amount measured Excitation wavelength ( ex ) ϭ 390 nm; emission wavelength ( em ) ϭ 460 nm. B through D, Twophoton laser scanning microscopy (TPLSM) images of cells labeled with MCB for 30 min (B), 90 min (C), and 6 h (D). MCB-dependent fluorescence (green) was initially generated in the cytoplasm and then subsequently sequestered into the vacuole. Fifty micromolar propidium iodide (PI) was added to cells immediately before imaging and labeled only the cell walls (red). Red fluorescent spots in the cytoplasm are because of red autofluorescence from the chloroplasts. E, TPLSM images of cells labeled with MCB for 60 min in the presence of 5 mM azide with excitation at ex ϭ 770 nm. Azide completely blocked vacuolar sequestration of fluorescent GSH-bimane conjugates.
by conventional extraction and in vitro bimane labeling (Table I) .
Signal was initially observed in the cytoplasm and was subsequently transferred to the vacuole (Fig. 1, B and C). Quantitative analysis of the fluorescence signal from the TPLSM images corresponded to an initial cytoplasmic GSH concentration of 2.1 Ϯ 0.3 mmol GSH-bimane conjugates (GSB) (l cytoplasm ) Ϫ1 . A second, nearly linear increase in fluorescence was observed after 120 to 150 min that continued for at least 6 to 10 h. More than 99% (n ϭ 340 cells in seven experiments) of the cells remained viable during this extended labeling period as judged from the absence of PI labeling of the nuclei (Fig. 1D) . The additional red spots within the cytoplasm were not caused by PI labeling, but rather show autofluorescence from chloroplasts that were also excited with TPLSM at 770 nm. HPLC analysis of cells labeled for 6 h showed an increase in the total thiol fluorescence from the plateau value to 173%. The fraction of label in Cys and ␥-EC increased to 16% and 2.2%, respectively, and a small amount (0.7%) of Cys-Gly was also detected. These thiols might become labeled through nonspecific reactions of MCB in the cytoplasm or result from partial degradation of GSB by vacuolar peptidases after transport into the vacuole. To distinguish between these possibilities, vacuolar transport of GSB was completely inhibited by 1 to 5 mm sodium azide (Fig. 1E ). Overall labeling of Cys, ␥-EC, and Cys-Gly was concomitantly reduced to Ͻ1% of the total (data not shown). We infer that in situ labeling with MCB is highly specific for GSH and the other thiol derivatives arise from the action of vacuolar peptidases that clip off the Glu and Gly residues.
The second phase of labeling was completely blocked by BSO, an inhibitor of ␥-ECS (Fig. 1A) , suggesting that the second phase of labeling represents de novo biosynthesis of GSH that is subsequently conjugated to MCB, rather than labeling of another thiol or a different subcellular GSH pool that labels with different kinetics. In the presence of BSO, the fluorescence signal remained stable for an extended period, suggesting that there was no further degradation of the fluorescent tag beyond Cys-Sbimane and consequent disruption of the fluorophore.
Characterization of Lag Phase before Demand-Driven GSH Biosynthesis Is Initiated
To determine whether the extent of the lag phase was linked to the rate of GSH depletion, the effect of manipulating the rate of GSH removal was examined. Concentrations of MCB lower than 100 m resulted in a slower rate of GSB formation but did not affect the plateau level reached, the duration of the lag phase, or the slope of the second phase ( Fig. 2A) , provided sufficient MCB was present in the assay. For example, the tail off in the rate of labeling after 5 to 6 h of incubation with 50 m MCB was because of depletion of MCB in the medium around the cells (Fig. 2A) . The extent that this occurred depended on the ratio of cytoplasmic volume to total assay volume and varied depending on the configuration of the experimental system used (multiwell plate reader or fluorimeter cuvette) and the volume ratio of cells to medium.
To increase the rate of GSH depletion, cells were incubated in CDNB as a second substrate for GSTs that is very rapidly conjugated to GSH, thereby increasing demand at a constant level of MCB. The presence of CDNB resulted in a lower level of fluorescence at the plateau, as might be expected if conjugation of CDNB competes for the available GSH (Fig. 2B) . However, the lag phase before start of the second phase appeared to be extended rather than reduced at higher CDNB concentrations (Fig. 2B ). There was a very small difference between the CDNB treatment alone and CDNB plus BSO that might hint at a very low rate of GSH biosynthesis earlier than 120 to 180 min. The addition of CDNB did not cause an increase in the slope of the second phase, even though all the CDNB was conjugated by this stage, but rather slightly reduced the slope, particularly at higher concentrations (Fig. 2B ).
The Lag Phase and Rate of de Novo Synthesis Are Relatively Insensitive to the Addition of Precursors for GSH Biosynthesis
The rate of GSH biosynthesis observed during the second phase of labeling would place a considerable Control of Demand-Driven Biosynthesis of Glutathione demand for precursors of intermediates earlier in the pathway. To test which, if any, of these components might be limiting flux through the pathway, the medium was supplemented with high levels of precursors and the rate of GSH biosynthesis determined. The slope of the second phase without supplements corresponded to a synthesis rate for GSH of 8.9 Ϯ 1.4 nmol g fresh weight Ϫ1 min Ϫ1 (Table II) . Exogenous Glu, Gly, and Cys were rapidly taken up by suspension culture cells at rates corresponding to 20 Ϯ 3.8, 25.7 Ϯ 5.3, and 23 Ϯ 8.6 nmol g fresh weight Ϫ1 min
Ϫ1
(n ϭ 4), respectively, over a 2-h period. Glu and Gly at 1 mm had no effect on the rate of GSH biosynthesis, even after pre-incubation for several hours (Table  II) . Addition of Cys at 0.1 mm had no effect on the rate of GSH biosynthesis, whereas 1 mm Cys gave a very slight (20%) stimulation ( Fig. 3A ; Table II) . Preincubation with 1 mm Cys for 12 h, followed by assay in normal medium, gave an approximate 2-fold increase in the resting level of GSH, but did not reduce the delay before the onset of the second phase or increase the rate of GSH biosynthesis (Fig. 3B ). Interestingly, the response to exogenous supply of both N-acetyl-l-Cys, a potential source of Cys, and O-acetyl-l-Ser, one of the immediate precursors of Cys, could not be followed as both caused bleaching of the cells within 8 h.
Demand-Driven GSH Biosynthesis Requires Sulfate Uptake from the External Medium
Intermediates earlier in the sulfur assimilation pathway, such as sulfide and SO 3 2Ϫ , are known to be toxic to cells when added exogenously. Thus, we then focused on the effect of changing SO 4 2Ϫ availability on GSH biosynthesis. The normal growth and assay media contained 1.73 mm SO 4 2Ϫ . Further addition of SO 4 2Ϫ up to 10 mm had no effect on GSH biosynthesis (Table II) ; however, reconstitution of the assay in SO 4 2Ϫ -free media completely abolished the second phase of labeling (Fig. 3C) . We infer from this result that these culture cells do not maintain or utilize intracellular pools of SO 4 2Ϫ for Cys biosynthesis, but rely entirely on uptake of SO 4 2Ϫ from the medium during rapid, demand-driven GSH biosynthesis.
Demand-Driven GSH Synthesis Requires Transcription and Translation
To elucidate whether the lag phase before start of the second phase of labeling required de novo protein biosynthesis, the translation inhibitor cycloheximide (CHX) or the transcription inhibitor actinomycin D (Act D) were included in the labeling medium. Both inhibitors did not affect the first phase of labeling but substantially inhibited the second phase of labeling (Fig. 4, A and B) .
Effect of Chemical Stress Agents on GSH Status and Demand-Driven GSH Biosynthesis
To determine whether treatment of cells with chemical stress agents caused changes in the resting level of GSH and the biphasic progress curve for labeling with MCB, cells were exposed to several different compounds and heavy metals that are known to induce parts of the stress response pathway. After pre-incubation of cells for 10 h with the catalase inhibitor aminotriazole (AT) or the superoxide-generating menadione (MQ), which both cause mild oxidative stress, subsequent labeling with MCB did not result in the normal biphasic progress curve. In these cases, no clear lag phase was observed even though cells still Figure 2 . The rate of depletion of GSH during phase I does not affect the lag before start of the demand-driven GSH biosynthesis in phase II. A, Increasing concentrations of MCB increase the rate of GSB formation, and GSH depletion, but do not affect the lag before the start of phase II or subsequent rate of de novo GSH biosynthesis. The tail off in phase II for 50 M MCB reflects depletion of MCB in the assay. B, Simultaneous incubation of cells with 50 M MCB and 5 and 10 M CDNB and effect of BSO in the presence of 10 M CDNB. CDNB is conjugated more rapidly than MCB and, therefore, reduces the GSH pool available to form GSB until all the CDNB is consumed. Despite the very rapid removal of half the GSH pool with 10 M CDNB, initiation of phase II is not triggered earlier.
entered the linear phase of demand-driven GSH biosynthesis (Table III) . Although the estimated resting GSH levels were slightly enhanced after pretreatment with MQ and AT, the rate of GSH biosynthesis was not markedly changed. Jasmonic acid (JA) is known to induce accumulation of GSH metabolic gene transcripts (Xiang and Oliver, 1998) . However, the only detectable effect of pre-incubation of cells with 100 m JA for 10 h was a slight reduction in the lag phase (Table III) .
Arabidopsis plants respond to heavy metal challenge by synthesizing phytochelatins (Cobbett, 2000) . Besides triggering the synthesis of phytochelatins, heavy metals also might form chelates with GSH and cause oxidative stress. Pretreatment with 100 m CdCl 2 for 10 to 12 h caused a very slight reduction in GSH levels and a slight reduction of the rate of labeling during phase II, but did not significantly affect the overall biphasic behavior of the progress curve (Table III) . Co-incubation of cells with MCB and various other heavy metals resulted in a reduction of the plateau level of labeling of between 10% and 60% at various concentrations and reduced labeling during the second phase (Fig. 5, A and B) . The reduction in the rate of GSH labeling during the second phase was concentration dependent and most pronounced with HgCl 2 and CuCl 2 (Fig. 5) . Although 1 m HgCl 2 reduced the rate to less than 30%, addition of 10 to 100 m HgCl 2 or CuCl 2 caused cell death within a few minutes after start of the treatment as judged by microscopic observation of the cell morphology (data not shown). Cell death prevented further labeling of the GSH pool. Similar effects could be observed with millimolar concentrations of Cd 2ϩ and Zn 2ϩ (Fig. 5) . In all other cases, the second phase started after around 2 to 3 h. It should be noted, however, that the reduced rates of labeling in the second phase observed in the presence of heavy metals do not necessarily reflect the entire amount of GSH synthesized during the course of the experiment. As seen in the presence of high concentrations of CDNB (Fig. 2B) , competition between heavy metals and/or heavy metal-induced phytochelatin synthesis and MCB for the GSH pool results in a reduction in the amount of GSB formed.
DISCUSSION
Long-Term Incubation of Cells with MCB Triggers de Novo GSH Biosynthesis
Conjugation of GSH to MCB to give fluorescent GSB was originally used to track xenobiotic detoxification pathways in vivo (Coleman et al., 1997a (Coleman et al., , 1997b . We recently have exploited this reaction to quantify cytoplasmic GSH concentrations in a variety of living cells and tissues (Fricker et al., 2000; Gutiérrez-Alcalá et al., 2000; Meyer and Fricker, 2000; Meyer et al., 2001) and to analyze the kinetics for GST and glutathione S-xenobiotic conjugate pump activity in vivo (Fricker and Meyer, 2001 ). In other systems, GSH-S conjugates are further degraded to the Cys-S conjugate after sequestration in the vacuole (Wolf et al., 1996 , Coleman et al., 1997a . Consistent with this view, we report here that removal of Gly and Glu from GSB requires vacuolar transport in Arabidopsis. Labeling with MCB rapidly depleted the GSH pool, leading to a massive demand for de novo biosynthesis of GSH, similar to the approach adopted by Schneider and Bergmann (1995) using a Cells were pre-incubated for 10 to 12 h.
cadmium. However, the time resolution of the continuous fluorescence assay used here was sufficient to reveal more detailed kinetics on activation of GSH biosynthesis, most notably the presence of an extended lag period before de novo GSH biosynthesis was triggered.
GSH Biosynthesis Is Tightly Regulated at the Level of ␥-ECS
In animal cells, activity of ␥-ECS, the first dedicated enzyme of GSH biosynthesis, is normally maintained at a low level through feedback inhibition by high concentrations of cytoplasmic GSH (K i[GSH] ϭ 1.8 mm; Huang et al., 1993) . In plant cells, ␥-ECS is also inhibited by high concentrations of GSH in vitro, with a K i[GSH] of 0.27 to 0.42 mm (Hell and Bergmann, 1990; Schneider and Bergmann, 1995) , suggesting that ␥-ECS activity would increase as the cytoplasmic GSH level was reduced. In this study, the presence of a lag period before de novo GSH biosynthesis was initiated suggests that feedback inhibition was not the major control operating on ␥-ECS in this system. Furthermore, the length of the lag period was relatively unaffected by a range of treatments that altered the rate of GSH depletion, including varying the MCB concentration, addition of heavy metals, or CDNB. If the major control of ␥-ECS was through feedback inhibition by GSH, we would have pre- Act D (B); however, the second phase of labeling was substantially reduced by both inhibitors.
dicted that de novo biosynthesis would have been initiated at different times and a different rates as the rate of GSH depletion was varied. It is possible that ␥-ECS activity did increase as feedback inhibition was alleviated, but the flux to GSH was still limited by substrate availability further upstream in the pathway. Cells were used at the end of the light period when high (millimolar) levels of Glu and Gly might be anticipated (Winter et al., 1993 (Winter et al., , 1994 Noctor et al., 1999) . Furthermore, no increase in labeling was observed after addition of exogenous Glu and Gly, even though these amino acids were taken up rapidly. In contrast, resting levels of Cys were very low, as reported for other species and cell types (Noctor et al., 1998; Leustek et al., 2000) and the availability of Cys has been shown to limit the rate that the GSH pool can be replenished both in wildtype maize (Zea mays; Rü egsegger and Brunold, 1992) and transgenic poplars (Populus tremula ϫ Populus alba) with enhanced GSH levels arising from overexpression of ␥-ECS (Noctor et al., 1996) . In this study, pre-incubation with Cys increased GSH levels 2-fold and co-incubation with MCB slightly increased the rate of GSH synthesis in the second phase. However, the effect was small and Cys feeding did not reduce the length of the lag period. We infer that the resting level of ␥-ECS activity was low, even in the presence of excess substrate, until the start of the second phase. Cys feeding in parsley (Petroselinum crispum) and tobacco (Nicotiana tabacum) suspension culture cells also resulted in rapid increases in intracellular Cys, but gave limited or no stimulation of GSH biosynthesis (Schneider and Bergmann, 1995) . Both sets of data would be consistent with tight control of ␥-ECS activity as a major factor limiting the overall flux through the GSH biosynthesis pathway, but our data do not provide clear support that this control operates via feedback inhibition by GSH.
De Novo GSH Biosynthesis Requires Transcription and Translation
The second phase was inhibited almost completely by inhibitors of transcription and translation, suggesting that at least one enzyme or key regulatory component in the pathway requires de novo gene expression. The delay inherent in gene induction may also explain the lag before new GSH biosynthesis was initiated and the apparently constant lag period. The most obvious target for such regulation would be ␥-ECS itself, and increases in ␥-ECS transcript level (Xiang and Oliver, 1998) and extractable ␥-ECS activity (Rü egsegger and Brunold, 1992; Chen and Goldsbrough, 1994; Kocsy et al., 1996) are well documented in response to a wide range of stresses. However, in a similar Arabidopsis suspension culture, May et al. (1998b) found that steady-state mRNA levels for ␥-ECS did not alter during treatments with cadmium, MQ, AT, or the safener fenchlorazole, over a short term (6 h), although the enzyme activity increased markedly. Therefore, they suggested that posttranslational modification of ␥-ECS might be responsible for the increased activity. In this study, pretreatment with both MQ and AT reduced the lag phase before de novo biosynthesis was triggered, although the subsequent synthesis rate was not affected. We infer that pretreatment with MQ and AT may have primed cells to activate control of the GSH biosynthesis pathway, including the components that might require de novo gene expression, if this is the source of the lag phase.
A similar effect might be anticipated after treatment with JA, cadmium, and copper, which are known to induce both ␥-ECS and glutathione synthetase transcript levels (Xiang and Oliver, 1998). However, in this study, pretreatment with JA only resulted in a slight reduction in the lag phase. Cadmium at 100 m showed a limited (nonsignificant) reduction in the resting level of GSH and the rate of GSH biosynthesis with no effect on the lag phase. Co-incubation with Cd 2ϩ at 1 mm or Cu 2ϩ at 10 m showed a greater reduction of labeling of the GSH pool and eliminated labeling of the second phase altogether. Unfortunately, the effect of heavy metals is quite difficult to interpret in this study because they have several potential effects in the assay. Formation of heavy metal-GSH chelates (Martell and Smith, 1982) or the synthesis of heavy metal-binding phytochelatins from GSH (Cobbett, 2000) will both compete directly for the available GSH, and the level of GSB fluorescence can no longer be regarded as a reliable indicator of the total amount of GSH synthesized. Quantitatively, this explanation cannot account for the profound effect of Hg 2ϩ at 1 m because the cells contain approximately 20-fold excess total amount of GSH. Treatment of plants with heavy metals may also result in the generation of free radicals and AOS (Clemens, 2001 ). These do not necessarily affect the total level of GSH but are likely to shift the balance from GSH toward GSSG (Noctor and Foyer, 1998) . However, if this detoxification is not sufficient for rapid AOS removal, additional lipid peroxidation and concomitantly the loss of membrane integrity can occur (Noctor and Foyer, 1998) .
Supply of Reduced Sulfur Is Directly Coupled to Uptake of SO 4 2؊
Although the concentration of Cys does not appear to limit GSH biosynthesis under the conditions used here, an adequate supply of reduced sulfur must be maintained to support the synthesis rates observed. Cys is synthesized by the transfer of sulfide, derived from reduction of SO 4 2Ϫ in plastids, to O-acetyl-lSer, derived from Ser. Multiple control points are thought to exist in these pathways to couple SO 4 2Ϫ assimilation and Cys synthesis with the subsequent utilization of Cys for synthesis of proteins, other amino acids, or GSH (Leustek et al., 2000; Saito, 2000) . Because removal of SO 4 2Ϫ from the medium abolished the second phase of labeling, we infer that demand-driven biosynthesis of GSH is directly coupled to SO 4 2Ϫ uptake from the medium. Sulfate uptake involves high-affinity SO 4 2Ϫ transporters with K m values in the low micromolar range (Takahashi et al., 2000) . The level of SO 4 2Ϫ in the medium (1.73 mm) would be sufficient to saturate such a system under normal conditions; therefore, it is not surprising that supply of cells with additional SO 4 2Ϫ above this level did not increase the rate of GSH biosynthesis.
Both GSH and Cys are reported to repress SO 4
2Ϫ
uptake from the medium in other systems (Lappartient and Touraine, 1996; Bolchi et al., 1999; Lappartient et al., 1999; Hawkesford, 2000) . This repression does not affect SO 4 2Ϫ transporters directly, but rather takes place at the transcriptional level. In principle, induction of SO 4 2Ϫ transporters might also contribute the delay before de novo biosynthesis of GSH. However, this does not appear to be a major limitation because it would have been overcome by the Cys feeding experiments.
Once inside the cell, SO 4 2Ϫ reduction takes place exclusively in the plastids, and requires supply of reductant. Notably, GSH is needed to reduce adenosine 5Ј-phosphosulfate (APS) to SO 3 2Ϫ by APS reductase (Bick et al., 1998) and ferredoxin (Fd) is required by SO 3 2Ϫ reductase to reduce SO 3 2Ϫ to sulfide (Yonekura-Sakakibara et al., 2000) . This provides us with a paradox in that the HPLC analysis indicates that essentially all the GSH pool is conjugated to bimane by the time the second phase is initiated, yet sufficient GSH must remain in the plastids to allow reduction of APS. Using stereological techniques, we estimate the volume of the plastids is at most 5% to 8% of these photoheterotrophic Arabidopsis suspension culture cells. If the plastidic GSH concentration was around the K m [GSH] of APS reductase of 0.6 to 1.2 mm (Bick et al., 1998) , this would equate to less than 10% of the cytoplasmic GSH content. From these considerations, we infer that MCB does not label the plastidic GSH pool and artificial depletion of GSH in the cytosol does not cause a substantial efflux of GSH from the chloroplasts. This implies that reduced sulfur is exported from the chloroplasts in the form of HS Ϫ , Cys, or ␥-EC, rather than GSH per se. Appropriate transporters for these compounds have not been reported yet; however, isoforms of all enzymes necessary to synthesize GSH from HS Ϫ are present in the cytosol of Arabidopsis and could contribute to GSH biosynthesis.
Because the assay is effectively conducted in darkness with intermittent illumination only during the fluorescent measurement, we infer that most of the NADPH required to rereduce plastidic GSH is derived from the oxidative pentose phosphate pathway, which is located in the plastids (Neuhaus and Emes, 2000) . Likewise, the NADPH from the oxidative pentose phosphate pathway has to drive rereduction of Fd ox via non-photosynthetic Fd-NADP oxidoreductase (Yonekura-Sakakibara et al., 2000) .
The overall results from our study reveal that demand-driven activation of the GSH biosynthesis pathway is tightly regulated in vivo at the level of ␥-ECS, but the dominant form of control is not through feedback inhibition by high levels of GSH. Activation of the pathway shows a pronounced lag phase and requires de novo protein expression, possibly of a regulatory component. Pre-exposure to certain stress agents can reduce or eliminate this lag period. Once GSH synthesis is initiated, the demand for reduced sulfur is directly coupled to SO 4 2Ϫ uptake from the medium. In normal growth medium for suspension culture cells, the relatively high levels of exogenous sulfate and the capacity for sulfur reduction do not appear to be limiting. However, if similar mechanisms operate in planta, when levels of available SO 4 2Ϫ may be considerably lower, the effect of SO 4 2Ϫ uptake might have a much more significant impact, suggesting that SO 4 2Ϫ transporters might be a potential target for genetic modification to remove tight metabolic control over SO 4 2Ϫ uptake, while leaving other regulatory mechanisms in the sulfur assimilation pathway intact (Hawkesford, 2000) .
MATERIALS AND METHODS
Arabidopsis Cell Cultures
Green Arabidopsis suspension cultures (Columbia) established by May and Leaver (1993) were grown in basal Murashige and Skoog medium supplemented with 3% (w/v) Suc, 0.5 mg L Ϫ1 naphthalene acetic acid, and 0.05 mg L Ϫ1 kinetin at pH 5.8 and subcultured every week. Cell cultures were kept under a 16-h-light/8-h-dark illumination regime at 21°C Ϯ 1°C. For all experiments, cells from exponentially growing cultures were used 4 d after subculture. At this stage, 1 mL of cell suspension contained 70 mg of cells. Cells were used at the end of the light phase.
Fluorescent Dyes and Other Chemicals
Stock solutions of 100 mm MCB or monobromobimane (Molecular Probes, Eugene, OR) in dimethyl sulfoxide (DMSO) were stored at Ϫ20°C. Aliquots were thawed immediately before use and diluted with Murashige and Skoog medium supplemented with 3% (w/v) Suc or deionized water. PI (Molecular Probes) was solved as a 5 mm stock in distilled water and used at a final concentration of 50 m. Stock solutions of CHX and Act D were made up in ethanol and stored at Ϫ20°C. BSO was dissolved in deionized water and stored as 100 mm stock at Ϫ20°C. A 100 mm CDNB stock solution was made up in DMSO and stored at room temperature in the dark. All chemicals apart from the fluorescent dyes were purchased from Sigma (Poole, UK).
TPLSM
Cells were labeled in Eppendorf tubes (Eppendorf UK Ltd., Cambridge, UK) with 50 m MCB in Murashige and Skoog medium supplemented with 3% (w/v) Suc at room temperature (21°C). The tubes were continuously agitated by placing them on a shaker at 120 rpm. At different time points, 50-L samples were transferred to a slide and PI was added to a final concentration of 50 m. Single optical sections through the midplane of groups of cells were captured by TPLSM using an MRC1024MP (Bio-Rad Microscience Ltd., Hemel Hempstead, UK) attached to an upright microscope (BX50WI, Olympus, Southall, UK). GSB and PI were simultaneously excited at 770 nm with a femtosecond pulsed mode-locked Ti:Sapphire laser (Mira900, Coherent, Cambridge, UK) equipped with a 5-W solid-state pump laser (Verdi, Coherent). Images were collected with a 60ϫ 1.2 numerical aperture water immersion lens and Kalman averaged over four frames. The (x, y) pixel size was 0.192 ϫ 0.192 m 2 . For quantification of the fluorescence, images were calibrated against GSB standards imaged under the same conditions as cells. Vacuolar GSB concentrations were converted into cytoplasmic concentrations after measurement of the volume of both compartments using a stereological approach (Meyer et al., 2001 ).
Continuous Recording of GSH Labeling
Continuous recordings of progress curves for the labeling of Arabidopsis cells with MCB were collected either on a fluorimeter equipped with a temperature-controlled four-position cuvette holder (LS50B, Perkin-Elmer, Beauconsfield, UK) or on a fluorescence microplate reader (Polarstar, BMG LabTechnologies, Aylesbury, UK). For experiments conducted on the fluorimeter, 3-mL cuvettes were used in which cells were continuously agitated with a stirrer bar. One hundred microliters of cell suspension was added to 2.9 mL of Murashige and Skoog medium supplemented with 3% (w/v) Suc containing different concentrations of MCB. Fluorescence was recorded with ex ϭ 442 Ϯ 2.5 nm and em ϭ 477 Ϯ 2.5 nm. For experiments on the plate reader, either 48-or 96-well plates were used (Falcon, BectonDickinson, Franklin Lakes, NJ). Fifty microliters of cell suspension was added to 150 L of Murashige and Skoog medium supplemented with 3% (w/v) Suc for small wells or 100 L of cell suspension to 300 L of Murashige and Skoog medium supplemented with 3% (w/v) Suc for large wells, respectively, and labeling reaction was started by automated injection of different concentrations of MCB. Fluorescence was recorded with ex ϭ 390 Ϯ 6 nm and em ϭ 460 Ϯ 10 nm with both excitation and detection of fluorescence from the flat bottom of the wells by fiber optics. All experiments were conducted at 25°C.
Measurement of Protein Labeling
Arabidopsis cells were incubated for 4 h in Murashige and Skoog medium supplemented with 3% (w/v) Suc containing 100 m MCB. After, cells were washed twice with fresh Murashige and Skoog medium supplemented with 3% (w/v) Suc to remove free MCB. The medium was removed and cells resuspended in 1 mL of extraction buffer (100 mm TRIS/KOH [pH 8.0], 2 mm MgCl 2 , and 1 mm EDTA). This suspension was ground in a chilled mortar with addition of 0.1 g of polyvinylpyrrolidone with an M r of 40,000. After centrifugation at 25,000g for 10 min, the supernatant was taken off and fractionated on Sephadex G-25 (PD10 columns, Supelco, Bellefonte, PA) with extraction buffer as eluent. Two hundred-fifty-microliter fractions were collected on multiwell plates and the fluorescence measured on a plate reader with ex ϭ 395 nm. Protein containing fractions were identified according to Bradford (1976) .
HPLC of Bimane-Labeled Low-M r Thiols
For separation and identification of low-M r thiols labeled with MCB, cells were ground in ice-cold methanesulfonic acid (200 mm) after in vivo labeling for different times. Cell extracts were centrifuged at 12,000g for 10 min and immediately analyzed by reverse-phase HPLC (Hichrom 5C18, 300 ϫ 4.6 mm, Hichrom, Reading, UK) with 0.25% (v/v) acetic acid (pH 3.9) as solvent A and methanol as solvent B. A linear gradient from 92% (v/v) A to 85% (v/v) A over 10 min and a subsequent hold of 20 min with a constant flow rate of 1 mL min Ϫ1 was employed to give good separation of GSB from the possible degradation products ␥-EC-S-bimane, Cys-Gly-S-bimane and Cys-S-bimane. Bimane derivatives were detected on a fluorescence detector (R F 2000, Dionex, Germering, Germany) with ex ϭ 395 nm and em ϭ 477 nm. Standards for bimane derivatives of GSH, ␥-EC, Cys-Gly, and Cys were prepared in vitro by mixing excess thiol with a final concentration of 10 mm monobromobimane at pH 8.5. These isolated thiol-bimane standards were
